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INTRODUCTION
Recruitment variability in marine fishes shows
tremendous fluctuations, and it is commonly accep -
ted that this variability is to a considerable extent
caused by processes during early life (Houde 1987).
A variety of factors act on the vulnerable early life
stages, including predation, starvation, diseases, and
advection to unsuitable areas (Houde 1987), which
has led to various hypotheses on mechanisms shap-
ing recruitment dynamics. These include the ‘critical
period’ (Hjort 1914) and ‘match−mismatch’ (Cushing
1975) hypotheses, which emphasize the need for
suitable prey availability to ensure high larval sur-
vival.
In the case of the Eastern Baltic stock of Atlantic
cod Gadus morhua (hereafter referred to as Baltic
cod), strong differences in recruitment success be -
tween the early 1980s, a period of extremely high
stock size, and the following decades, are obvious
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(Köster et al. 2005). Oxygen-related egg mortality,
caused by lack of formerly regular inflows of oxygen-
rich water from the North Sea, is a major source of
recruitment variability (Vallin et al. 1999, Köster et al.
2001, 2005). However, high numbers of eggs found in
ichthyoplankton surveys after a strong inflow event
in 1993 and subsequent years did not result in
increased larval abundances and recruitment levels
(Köster et al. 2005). Furthermore, recent estimates of
year-class strength suggest improving recruitment
despite apparently unfavorable environmental con-
ditions for egg survival (ICES 2013). A possible ex -
planation for these observations may be variable sur-
vival during the larval stage, and there are indeed
indications that the early larval phase from hatch to
well-established feeder is a critical life stage of Baltic
cod (Hinrichsen et al. 2002, Köster et al. 2003) as well
as of other cod stocks (e.g. Sundby et al. 1989).
Despite the apparent influence of processes during
the larval stage in shaping the recruitment dynamics
of Baltic cod, information on larval survival from field
studies is scarce (Grønkjær et al. 1997, Grønkjær &
Wieland 1997, Grønkjær & Schytte 1999, Voss et al.
2001, Huwer et al. 2011) but a series of studies ap -
proached the issue of larval survival success with
biophysical modeling exercises (Voss et al. 1999,
Hinrichsen et al. 2001, 2002, 2003b, 2005, Schmidt
& Hinrichsen 2008). Model results suggested that
retention and dispersal of early life stages, especially
during the first feeding stage, influence survival suc-
cess. Larvae hatched during the early part of the
spawning season in spring and early summer prof-
ited from retention in the spawning area which pro-
vided high abundances of suitable prey during this
time of the season, whereas later hatched larvae had
higher survival chances when dispersed into shal-
lower areas which provided better feeding conditions
during the late spawning season. This emphasizes
the importance of processes related to the ‘critical
period’ hypothesis (Hjort 1914), suggesting that vari-
able survival rates are due to variations in food avail-
ability at the critical stage when the transition from
endogenous (yolk) to exogenous (plankton) feeding
occurs, as well as to the ‘match−mismatch’ hypo -
thesis (Cushing 1975).
While Cushing’s (1975) original match−mismatch
hypothesis mainly focused on a temporal overlap of
predator and prey, a spatial overlap is also necessary
for a ‘match.’ The importance of both spatial and
temporal aspects for a match or mismatch situation
cannot be stressed enough in the case of Baltic cod,
as the cod spawning grounds in the Baltic show a
high degree of environmental heterogeneity (Hin-
richsen et al. 2007), and Baltic cod express an
extremely protracted spawning season with shifts in
peak spawning times (Wieland et al. 2000). Espe-
cially the spatio-temporal match of abundances of
Pseudocalanus acuspes nauplii, the preferred prey
item of larval Baltic cod (Voss et al. 2003), with larvae
in the critical first feeding stage is likely a necessary
prerequisite for high larval survival. Due to a lack of
inflow events and the associated decreases in salin-
ity, standing stocks of P. acuspes were drastically
reduced in the past decades (Möllmann et al. 2000).
A biophysical modeling study by Hinrichsen et al.
(2002) suggested that first-feeding larvae of Baltic
cod during this period have indeed changed from a
non-limited to a food-limited stage. In simulations
considering a prey field without P. acuspes as prey
items, larvae that hatched late in the spawning sea-
son and at the edges of the spawning ground in the
Bornholm Basin had considerably higher survival
chances due to a higher spatio-temporal overlap with
nauplii of Acartia spp. and Temora longicornis. A
similar result was found in a more recent modeling
study (Hinrichsen et al. 2005) based on spatial over-
lap patterns of larvae and their prey.
Gallego et al. (2007) pointed out recent advances
in modeling physical-biological interactions during
the early life history of fish, but also emphasized
the increasing need for validation of coupled bio-
 physical models. Thus, the aim of the present study
was to test the results from bio-physical model sim-
ulations in a field setting by investigating the tem-
poral and spatial origin of juvenile Baltic cod
caught in field surveys. Moreover, the applicability
of the hydrodynamic model in use to reliably simu-
late drift patterns up to the pelagic juvenile stage
was evaluated by comparing drift simulations with
the catch distribution of juvenile fish from the field
sampling. The approach used is based on a charac-
teristics-of-survivors analysis (Rice et al. 1987, Tag-
gart & Frank 1990), which has gained increasing
interest as a tool to investigate recruitment pro-
cesses. The basic idea of this approach is that sur-
vivors are not a random subset of the offspring, but
have emerged through selective sources of mortal-
ity related to the inter-individual variability of cer-
tain characteristics. The vast majority of studies
have examined survivor characteristics in terms of
growth and/or temporal origin (e.g. Rice et al. 1987,
Limburg et al. 1999, Baumann et al. 2008), includ-
ing investigations on cod (Meekan & Fortier 1996,
Nielsen & Munk 2004). Only relatively few attempts
have been made to relate survivors to their spatial
origin (e.g. Marteinsdottir et al. 2000, Irigoien et al.
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2008). The present study focuses on survivor char-
acteristics in terms of the temporal as well as the
spatial origin of juveniles. Advances in hydrody-
namic modeling allow survivors to be connected to
certain areas by backtracking their drift routes
(Gallego et al. 2007). Here we coupled juvenile age
information from analyses of otolith micro structure
and hydrodynamic modeling, aiming to track fish
that had survived up to the juvenile stage back to
their spatio-temporal hatch origin.
Specifically, we investigated (1) the degree of over-
lap between simulated and observed distributions of
juveniles, (2) the temporal origin of juvenile sur-
vivors, and (3) the spatial origin of juvenile survivors.
Hatch origins of survivors in the Bornholm Basin, at
present the only spawning ground regularly sustain-
ing successful egg development (Kös -
ter et al. 2005), and the area where
the main biomass of the stock is con-
centrated (Eero et al. 2012), are re -
lated to spawning effort and egg sur-
vival probability as well as to results
from previous biophysical modeling
studies, the availability of suitable lar-
val prey, and ambient temperatures.
Results are discussed in relation to
the recruitment process of Baltic cod,
in particular with respect to the cri -
tical period and match−mismatch
hypo theses, and to possible implica-
tions for the placement of a Marine
Protected Area (MPA) in the Born-
holm Basin, which was established in
the mid-1990s to ensure undisturbed
spawning of Baltic cod (ICES 2004).
MATERIALS AND METHODS
Sampling procedure and laboratory
analyses of ichthyoplankton and
pelagic juveniles
From 26 October to 11 November
2000, a total of 268 pelagic juvenile
cod were sampled with an Isaacs-
Kidd midwater trawl in the southern
Baltic Sea (Figs. 1 & 2). Samples were
immediately frozen at −20°C for later
investigation in the laboratory.
To investigate the horizontal distri-
bution and abundance of ichthyo-
plankton in the Bornholm Basin,
Bongo net samples were collected in
April, May, July, and August 2000.
Double oblique hauls (ship speed: 3
knots) were conducted on a station
grid with a regular spacing of approx-
imately 10 nautical miles (n miles)
(Fig. 1). The 2 Bongo nets (60 cm
diameter each) were equipped with
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Fig. 2. Catch distribution of pelagic juvenile cod Gadus morhua in November
2000. The size of the white circles indicates the number of juvenile cod per
haul (numbers above circles denote the numbers of juveniles selected for 
ageing by otolith analysis). Bo: Bornholm Island
Fig. 1. Study area in the Baltic Sea. Inset: Overview of the southern Baltic Sea
including ICES Subdivisions (numbers and thin black lines) and location of the
detailed main map (boxed area). Main map: Sampling stations for pelagic ju-
venile cod in November 2000 (crosses, Isaacs-Kidd midwater trawl) and ich-
thyoplankton in April to August 2000 (circles, Bongo net). The black dots de-
pict the initial seeding positions for larval drifters in the hydrodynamic model.
Bo: Bornholm Island; BB: Bornholm Basin; AB: Arkona Basin. Dashed lines: 
border between ICES Sub-divisions 24 and 25
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mesh sizes of 335 and 500 µm and
with flowmeters to determine the vol-
ume of filtered water. The samples
were preserved in 4% buffered form-
aldehyde/seawater solution. To ob -
tain vertical profiles of the ambient
environment, CTD casts were con-
ducted at the sampling stations.
In the laboratory, standard length
(SL), total length (TL), and wet weight
of the pelagic juveniles were deter-
mined. Ichthyoplankton samples from
the 335 µm Bongo nets were analyzed
under a stereo microscope. Cod eggs
were sorted from the samples, coun -
ted, and staged. A subsample of at
least 100 specimens was processed
for staging using a 4-stage system
based on morphological criteria (for
details, see Wieland et al. 2000) with
stages Ia and Ib combined. The
counts were finally standardized to
1 m2 sea surface by the volume of filtered water and
the maximum depth of the tow (~2 m above the
seabed).
Otolith analyses and determination of ages,
hatch dates, and mortality rates
The back-calculation approach used in the present
study is dependent on reliable age estimates. The
daily nature of increment formation has been vali-
dated for cod (e.g. Campana 1989), including the
stock in the Baltic (Clemmesen & Doan 1996), and
daily increment deposition begins on the day of
hatch. Thus, enumeration of growth increments in
Baltic cod otoliths provides reliable estimates of ages
and hatch dates.
A subsample of pelagic juveniles was chosen for
otolith age determinations to be used for the back-
calculation of hatch dates and positions. This sub-
sample (n = 135) was chosen in such a manner that
the entire sampling area was covered (Fig. 2) and
that the length distribution of the subsample resem-
bled the length distribution of all available samples
(Fig. 3). Sagittal otoliths of pelagic juveniles were
removed, mounted on glass slides with thermoplastic
cement, and ground from both sides with different
grades of lapping film (12 to 0.05 µm). Growth incre-
ments on the otoliths were enumerated to determine
the age of the fish. To resolve the fine innermost
growth increments from the otolith core to the begin-
ning of the secondary primordia, those primary
increments were viewed at a magnification of 1512×.
For the wider secondary growth increments, lower
magnifications (480−960×) were sufficient.
Hatch dates of pelagic juveniles in the subsample
were calculated by subtracting the age in days of
each fish from the day of capture. The survey con-
ducted in November 2000 was targeted at pelagic
juveniles. However, at this time of the year, some of
the 0-group cod have already made the transition to
a demersal life stage (Hüssy et al. 1997, Hinrichsen et
al. 2003a). Thus, in order to evaluate the temporal
origin of survivors, these demersal juveniles need to
be considered as well. Unfortunately, no otolith sam-
ples for demersal juveniles were available for the
year 2000. However, length distribution data for
demersal 0-group cod caught in November 2000
 during the Baltic International Trawl Surveys (BITS)
are available from ICES (http://datras.ices.dk/Home/
default.aspx). These length distribution data and an
age−SL relationship for demersal juvenile Baltic cod
from the literature (age = 1.23SL + 45.93; r2 = 0.884;
Fey & Linkowski 2006) were used to estimate the
hatch date distribution of demersal juveniles. The
length data from ICES were given in 1 cm classes of
TL, while the age−length relationship from Fey &
Linkowski (2006) is based on SL. Thus, the length
distribution data from ICES were first converted from
TL to SL, based on a linear relationship obtained
from measured TL and SL of pelagic juveniles from
the present study (SL = 0.9181TL − 0.019; r2 = 0.9978).
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Fig. 3. Length frequency distribution of pelagic juvenile cod Gadus morhua
sampled in November 2000. Black bars: whole sample (n = 268); grey bars:
subsample that was aged by means of otolith micro-structure analysis (n = 135)
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Then, for each length class, a corresponding age
class was calculated, resulting in age classes corre-
sponding to 11 d bins. Hatch dates were determined
by subtracting the midpoint of each age class in days
from the day of catch, which was defined as the mid-
point of the BITS survey (day of year 315). Based on
the length class distribution from the survey, fish
with a total length of 4 to 12 cm were considered to
belong to the 0-group. Only data for catch positions
in ICES Subdivisions 25 and 26 east of Bornholm
were considered, as those fish were assumed to
belong to the eastern Baltic cod stock, while catches
farther west (Subdivision 24) probably mainly consist
of fish belonging to the western stock.
To compensate for the problem of cumulative mor-
tality when estimating true hatch date distributions,
the numbers of fish per age class were corrected by
the following procedure. First, estimates of the daily
instantaneous rate of mortality (Z) were obtained
using the age-based catch curve method (Ricker
1975). Juveniles were grouped into age classes, and
the natural logarithm of the number of fish in each
age class (Nt ) was plotted against the midpoint of the
corresponding age class (t). Pelagic juveniles were
grouped into 5 d bins. As 1 of the age classes only
consisted of a single fish, which would have given
the value of ln(Nt ) = 0, the number of fish in each age
class was adjusted to Nt + 1. Age classes of demersal
juveniles were defined by the calculated ages from
the length distribution, corresponding to age classes
in 11 d bins. Linear regressions were fitted to the data
and the slopes (b) were determined, which provide
an estimate of Z. The most abundant age classes
were assumed to be fully recruited for the catch
curve analysis, i.e. pelagic juveniles between 71 and
105 d old and demersal juveniles between 142 and
187 d old were considered for the mortality estima-
tions.
Adjustments for cumulative mortality were made
by raising the number of fish by the equation:
N0 = Nt(e–Zt)–1 (1)
where N0 is the estimated number at hatching, Nt is
the number at catch, Z is the instantaneous mortality
rate, and t is the age in days.
Cumulative mortality adjusted numbers of pelagic
juveniles were needed on an individual level for the
determination of back-calculated hatch positions, i.e.
Nt = 1 because N0 was calculated for each individual
fish. The adjusted data were then grouped into 5 d
hatch date bins, summed, and converted into relative
numbers (%). Cumulative mortality adjustments for
demersal juveniles were made on the total number of
fish per 11 d hatch date bin and also converted into
relative numbers (%).
For comparison with values of juvenile mortality for
other cod stocks from the literature, the percent mor-
tality rate (M, % d−1) was calculated as:
M = 100(1– e–Z) (2)
Baltic Sea model and its use in particle tracking
The hydrodynamic model used in this study is
based on the free surface Bryan-Cox-Semtner model
(Killworth et al. 1991). A detailed description of the
equations and modifications required to adapt the
model to the Baltic Sea can be found in Lehmann
(1995) and Lehmann & Hinrichsen (2000b). A de -
tailed analysis of the Baltic Sea circulation has been
performed by Lehmann & Hinrichsen (2000a) and by
Lehmann et al. (2002). Physical properties simulated
by the hydrodynamic model agree well with known
circulation features and observed physical conditions
in the Baltic (for further description, see Lehmann
1995, Hinrichsen et al. 1997, Lehmann & Hinrichsen
2000b). The model domain comprises the entire
Baltic Sea including the Gulf of Bothnia, the Gulf of
Finland, and the Gulf of Riga, as well as the Belt Sea,
the Sound, Kattegat, and Skagerrak. The horizontal
resolution is 5 km, with 60 vertical levels specified.
The thickness of the different levels was chosen to
best account for the different sill depths in the Baltic.
The Baltic Sea model is driven by actual atmo -
spheric data provided by the Swedish Meteorological
and Hydrological Institute (Norrköping, Sweden)
and river runoff taken from a mean runoff database
(Bergstroem & Carlsson 1994). The meteorological
database covers the whole Baltic Sea drainage basin
with a grid of 1° × 1° squares. Meteorological para -
meters, such as geostrophic wind, 2 m air tempera-
ture, 2 m relative humidity, surface pressure, cloudi-
ness, and precipitation, are stored with a temporal
increment of 3 h. Simulated 3-dimensional velocity
fields were extracted (at 6 h intervals) to develop a
data base for a Lagrangian particle tracking exercise
on larval cod. This data set offers the possibility to
de rive Lagrangian drift routes by calculating the
advection of ‘marked’ water particles. Vertical velo -
cities were calculated from the divergence of the
 horizontal velocity fields. The drifters were allowed
to leave the layers where they were launched. The
positions of the drifters varied over time as a result of
the 3-dimensional velocities that they experienced.
For the application in the present study, the model
was explicitly run for the year 2000.
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To establish a Lagrangian view of the simulated
circulation, drifters can be placed in the modeled
flow fields at every location within the model
domain. Moreover, the initial launch positions can be
chosen independently of the vertical resolution of the
model’s grid. Simulated drift routes were obtained
from Eulerian flow fields by use of a Lagrangian par-
ticle tracking technique. The 3-dimensional trajecto-
ries of the simulated drifters were computed using a
fourth-order Runge-Kutta scheme (Hinrichsen et al.
1997).
Comparison of pelagic juvenile catch distribution
with seasonal larval drift patterns
The hydrodynamic model on Baltic cod larval drift
was utilized to investigate larval distribution and
transport patterns during the cod spawning season
2000 in order to consider the seasonal variability in
larval transports depending on the time of spawn-
ing. Lagrangian drifters were released on a regular
spaced grid enclosed by the 60 m isobath encom-
passing the main spawning area in the Bornholm
Basin (Fig. 1). In total, 720 drifters were released at
5 depths between 25 and 35 m, as the majority of
feeding Baltic cod larvae occur at these depths after
having conducted an ontogenetic vertical feeding
migration (Grønkjær et al. 1997, Grønkjær &
Wieland 1997). The grid for drifter release (Fig. 1)
consisted of 144 stations (144 stations × 5 depths =
720 drifters). Drifters were inserted into the modeled
flow fields at 10 d intervals and tracked for 70 d, as
the mean age of the sampled pelagic juveniles was
found to be 72 d (see Results). The release dates
ranged from 1 April to 20 September, thereby en -
compassing the historical as well as the present
main spawning period of Baltic cod (Wieland et al.
2000). A detailed description of these model runs
can be found in Hinrichsen et al. (2003b). A recent
study by Petereit et al. (2014), using the same
hydrodynamic model, did explicitly address the is -
sue of horizontal diffusion and its influence on final
drift destinations in the Baltic Sea. Model sensitivity
experiments to evaluate the influence of horizontal
diffusion on the final distribution of drifters did not
reveal any significant deviations from the results of
a reference run (i.e. particle transport without any
addition of fluctuating velocity components). Based
on this sensitivity study, diffusion was not consid-
ered in the present study.
In order to obtain an integrated view of drifter end
positions after 70 d of drift, the area of the Baltic Sea
was divided into a grid of rectangles by sub-dividing
the ICES statistical rectangles into 4 smaller rectan-
gles, thus creating rectangles of approximately 15 ×
15 n miles. In this way the share of the 720 initially
released drifters that ended in a certain rectangle
after 70 d of drift could be determined, and this value
was assigned to the position in the center of each
 rectangle. This information was used to create distri-
bution maps of simulated residence probability of
drifter positions after 70 d. These simulation results
were also compared with the catch distribution of
pelagic juveniles by calculating an overlap coeffi-
cient to quantify the closeness of agreement between
simulated and observed distributions. This coeffi-
cient C (Horn 1966) is 0 when there is no overlap and
1 at concurrent distributions:
(3)
where n is the number of strata (in this case the
number of rectangles), and A and B are the
relative abundances of simulated drifters and
pelagic juveniles caught within each stratum. Only
rectangles where survey hauls were conducted
were considered in this analysis, and in cases
where more than 1 haul was conducted within a
rectangle, an effort adjustment was applied by cal-
culating the average number of juveniles caught
within the respective rectangles.
Back-calculation of hatch locations
The model runs described in the previous section
proved to be sufficient to simulate the general dis-
tribution of larvae and pelagic juveniles (see
‘Results’). However, in order to determine the
hatching locations of the aged subsample of pelagic
juveniles, a higher temporal match between model
start dates and juvenile hatch dates as well as end
dates of model runs and juvenile catch dates was
needed. Thus, another set of model runs was con-
ducted. These model runs utilized the same grid of
drifter release positions (see previous subsection
and Fig. 1), but the release dates and drift
durations were based on the actual ages of the
pelagic juveniles. Back- calculated hatch dates from
otolith analyses were used to define 5 d periods of
particle release, while the duration of the model
runs was determined by the day of juvenile catch.
Back-tracked hatch locations were estimated by
establishing a database of particle age and location
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and by then determining those drifters in the data-
base that were closest to individual juvenile catch
positions at the time of catch. To account for varia-
tions of drift routes, the 3 drifters closest to each
juvenile catch position were used. In order to
obtain an integrated view of the hatch locations of
survivors, the study area was divided into a grid of
small rectangles by sub-dividing the ICES statistical
rectangles into 36 smaller rectangles, thus creating
a set of rectangles with a high geographical resolu-
tion of approximately 5 × 5 n miles. The number of
back-calculated survivor hatch locations within
each of these rectangles was determined. In order
to account for the effect of cumulative mortality, the
numbers of pelagic juveniles were adjusted on
individual level, i.e. Nt = 1 because N0 was calcu-
lated for each individual fish (see also de scription
of cumulative mortality correction above). The
adjusted data were then summed for each rectangle
and converted into relative numbers (%). In order
to plot a map of survivor hatch locations, these val-
ues were assigned to the position in the center of
each rectangle.
Determination of reproductive volume and 
oxygen-related egg survival
In contrast to other cod stocks, eggs from the
Baltic cod stock do not float in the surface waters,
but attain neutral buoyancy and peak abundances
in the region of the permanent halocline, i.e. usu-
ally at depths be low 50 m (Wieland & Jarre-Teich-
mann 1997). Salinities >11 psu, oxygen contents
>2 ml l−1, and temperatures >1.5°C form the basis
for the calculation of the so-called reproductive
volume (RV), i.e. the volume of water that meets
minimum environmental requirements for success-
ful cod egg development (Plikshs et al. 1993,
Vallin et al. 1999). However, these estimates do
not directly consider the environmental conditions
inside the water volume that principally sustain
egg development. Oxygen concentrations above
the threshold level of 2 ml l−1 used to define the
RV have a strong positive impact on egg survival
(Rohlf 1999), and a sigmoidal oxygen−egg survival
relationship can be applied to estimate the fraction
of the egg production that will probably survive to
the larval stage. Therefore, an index of oxygen-
related egg survival (OES) has been developed
(Köster et al. 2005), which incorporates not only
the volume for potentially sustaining egg develop-
ment, but provides a measure of the oxygen condi-
tions within the salinity range over which cod eggs
are neutrally buoyant.
The hydrographic data which provide the basis for
the calculation of RV and OES were obtained at the
ichthyoplankton sampling stations (Fig. 1). Physical
parameters (conductivity, temperature, and oxygen)
of the water column were measured with CTD/O2
systems. Based on these measurements, we construc -
ted maps of RV and OES by interpolating observed
data onto a regular horizontal grid. This procedure
was detailed by Hinrichsen et al. (2007).
RESULTS
Size and age of pelagic juveniles
The length range (SL: 15.06−57.11 mm, TL:
16.35− 62.21 mm) of the aged subsample of juve-
niles covered that of the entire sample. Corre-
spondingly, the average lengths of the entire sam-
ple and the aged subsample were 31.94 and
31.76 mm (SL) and 34.84 and 34.68 mm (TL),
respectively (Fig. 3). The wet weight range was
0.0176 to 1.7452 g, and the average wet weights
for the entire and the subsample were 0.3345 and
0.3573 g, respectively. The age range of the sub-
sample was 42 to 105 d, with an average of 71 d.
The otolith age readings from the juvenile sub-
sample were used to establish an age vs. SL rela-
tionship (Fig. 4). The ages of pelagic juveniles
from the entire sample, which were obtained
according to this age− SL relationship, ranged from
52 to 101 d with an average of 72 d.
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Fig. 4. Age vs. standard length (SL) of pelagic juvenile Baltic
cod Gadus morhua (n = 135). Linear regression equation: 
Age = 1.16SL + 34.63 (r2 = 0.79)
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Mortality rates and back-calculated hatch dates of
juveniles and seasonal egg abundance estimates
Daily instantaneous mortality rates estimated by
the age-based catch curve method were Z = 0.078
for both the pelagic and the demersal juveniles
(Fig. 5), corresponding to a percent mortality rate
of M = 7.5% d−1. The sampled pelagic juveniles
were hatched in the period from the end of July
to the end of September 2000, i.e. Day 203 to 263
(Fig. 6). The demersal juveniles originated from
the beginning of May to the begin-
ning of August (Day 128 to 218).
Abundance data of egg stage 1
from April, May, July, and August
show an increase in spawning ef -
fort throughout the season (Fig. 6).
Unfortunately, no ichthyoplankton
sampling was conducted after
August, when the highest egg
abundances were found. However,
results from a time series of ich-
thyoplankton data from the Born-
holm Basin suggest that the sam-
pling in August marked the
abundance peak, and that spawn-
ing activity decreased remarkably
short ly thereafter (Wieland et al.
2000, Kraus et al. 2012). To illus-
trate this, a schematic view of a
typical seasonal egg production
curve was added to Fig. 6.
Comparison between simulated and observed
distribution of pelagic juvenile cod
The simulated residence probabilities of drifters
after 70 d drift duration show that in the early spawn-
ing season 2000, the majority of drifters experienced
a slight northward transport towards the Swedish
coast (Fig. 7a). In mid-spawning season, drifters were
largely retained on the spawning ground in the Born-
holm Basin (Fig. 7b). Only in the late part of the
spawning season were drifters advected into areas
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Fig. 5. (a) Catch curve of pelagic juvenile Baltic cod Gadus morhua. Natural log (Ln) of frequency per age class vs. age class
(5 d bins). Linear regression equation: y = −0.078x + 8.855; r2 = 0.925. (b) Catch curve of demersal juvenile Baltic cod. Ln of
 frequency per age class vs. age class (11 d bins). Linear regression equation: y = −0.078x + 17.291; r2 = 0.993. The slopes of the 
linear regressions provide estimates of the daily instantaneous mortality rate (Z)
Fig. 6. Back-calculated, cumulative mortality corrected hatch date frequency
distributions of pelagic (unfilled bars) and demersal (striped bars) juvenile
Gadus morhua in relation to seasonal average egg stage 1 abundance (black
dots) from ichthyoplankton surveys in the Bornholm Basin. Dashed grey line:
schematic view of a typical seasonal egg-production curve of Baltic cod
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south and southwest of Bornholm. The late spawning
season corresponds to the hatch period of pelagic
juvenile survivors (25 July to 14 September) that
were sampled during the survey in November. A
high spatial overlap between simulated residence
probabilities of drifters and the catch distribution of
pelagic juveniles in the late spawning season is evi-
dent (Fig. 7c) and corroborated by a high overlap
coefficient C of 0.83.
Back-calculated hatch locations, egg distributions,
RV, and OES probability
The back-calculated survivor hatch locations were
generally at the edges of the spawning area in the
Bornholm Basin, while only a minor portion of fish
had hatched in the central deep basin (Fig. 8a). Only
20% of survivors originated from the deepest central
part of the basin where depths exceed 80 m, while
80% had hatched in areas with depths shallower
than 80 m. Centers of survivor origin are located
north and east of Bornholm and at the southeastern
edge of the basin. A comparison of the observed sur-
vivor origin in the year 2000 (Fig. 8a) with the mod-
eled average survival probability of cod larvae for a
situation of low Pseudocalanus acuspes abundance
(Fig. 8b, redrawn after Hinrichsen et al. 2002) shows
a high degree of congruence. Especially apparent is
the concurrence of high simulated survival probabil-
ities with distinct centers of survivor origin in the
northwestern regions of the spawning ground, north
and east of Bornholm Island.
Fig. 8c,d shows the horizontal distribution of abun-
dances of egg stages 1 and 4 in August 2000 in rela-
tion to the extent of the RV and the OES probability,
respectively. Egg stage 1, as a proxy for spawning
effort, is rather evenly distributed over the entire
spawning ground, with slightly higher abundances
in the northwestern part and at the southern and
eastern edges. In contrast, the distribution of egg
stage 4 shows very low abundances in the northwest-
ern part of the area and higher abundances in the
central, northeastern, and southeastern regions. The
thickness of the RV has its largest extent in the south-
ern and eastern parts of the basin, with high values of
15 to 23 m in the southern and intermediate values
between 11 and 15 m in the northeastern areas
(Fig. 8c). In contrast, the vertical extent of the repro-
ductive volume in the northwestern area is consider-
ably lower, ranging only from 1 to 9 m. The OES
shows a slightly different picture (Fig. 8d). Here,
highest (70%) and intermediate (40%) values are
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Fig. 7. Ability of the hydrodynamic model to simulate drift of
larval and pelagic juvenile Baltic cod Gadus morhua. The
color scale depicts the simulated residence probability of
drifters released on the spawning ground in the Bornholm
Basin throughout the spawning season in the year 2000 after
70 d of drift. Drifters released in (a) the early spawning sea-
son (1 April − 21 May), (b) the middle of the spawning sea-
son (31 May − 20 July), and (c) the late spawning season (30
July − 18 September), corresponding to the period of back-
calculated hatch dates of pelagic juveniles, in comparison
with the catch distribution of pelagic juveniles from the sur-
vey in November 2000 (black circles). A high coefficient of
overlap (0.83) shows a good agreement between simulated
and observed juvenile distributions for the late spawning 
season
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also found in the southern and eastern parts of the
spawning area, respectively. However, in contrast to
the RV, higher OES values also prevail at the north-
ern and especially eastern coast of Bornholm. Lowest
egg survival probabilities of only 20 to 35% are con-
sistent with the RV as a proxy for egg survival found
in the northwestern region.
DISCUSSION
Hydrodynamic model suitability to track drift
routes, and evaluation of estimated mortality rates
The hydrodynamic model output was shown to cor-
respond well with observed juvenile catch positions.
Hence, there is a clear dependence of juvenile distri-
bution on wind-induced drift, which is mainly con-
trolled by the local atmospheric conditions over the
Baltic Sea. This is in accordance with earlier results
reported by Hinrichsen et al. (2003a).
The mortality rates of 7.5% d−1 found for both
pelagic and demersal juvenile cod in the present
study are comparable to juvenile cod mortality rates
reported from other areas. For Georges Bank cod,
Mountain et al. (2008) estimated mortality rates be -
tween 5 and 10% d−1 for 50 to 60 d old fish, corre-
sponding to sizes of ca. 1.5 to 2.5 cm depending on
the month of capture. For the same area, Serchuk et
al. (1994) estimated the level of post-larval mortality
for Georges Bank cod to be 7.8% d−1, and Lough
(2010) estimated the mortality rates of recently set-
tled juveniles to be ca. 3 to 8% d−1 and the mortality
from the pelagic juvenile stage (20−50 mm) to the
1-group to be ca. 3 to 5% d−1. From midwater trawl
surveys for northeast Arctic cod, Sundby et al. (1989)
provided mortality rates from the early juvenile stage
(2−3 mo post hatch, 20−50 mm) to the 0-group stage
174
Fig. 8. Spawning activity and survival success of Baltic cod Gadus morhua early life stages in the Bornholm Basin. (a) Back-cal-
culated hatch positions of pelagic juvenile survivors (color scale, %) and location of a Marine Protected Area (black solid box:
present extent; dashed box: extent in the year 2000). Thin grey lines: 60 m (solid) and 80 m (dashed) depth contours. (b) Mod-
eled average survival probability (%) of Baltic cod larvae in a situation simulating low abundances of Pseudocalanus acuspes
nauplii (redrawn after Hinrichsen et al. 2002). (c) Thickness of the reproductive volume (RV; color scale, meters) and cod egg
stage 1 distribution (circles, n m−2) in August 2000. (d) Oxygen-related egg survival probability (OES; color scale, %) and cod 
egg stage 4 distribution (circles, n m−2) in August 2000
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(4−5 mo, 60−80 mm) ranging from 1 to 4% d−1. Thus,
the mortality rates estimated for juvenile cod in the
present study seem to be reasonable.
Spatio-temporal origin of juvenile survivors and
relation to recruitment
The patterns of spatio-temporal survivor origin
found in the present study are in good agreement
with previous modeling studies and with spatio-
 temporal abundance patterns of suitable prey for
early larval stages, which may provide support for
the critical period and match−mismatch hypotheses.
For the Baltic cod stock, Vallin et al. (1999) re -
viewed potential factors that influence reproductive
success. The impact of environmental conditions on
egg fertilization and survival, egg predation by clu-
peids, and decreased larval viability at low oxygen
concentrations have been identified as sources of
early life stage mortality, while predation on larvae
appears to have only limited impact on reproductive
success, mainly because of a limited vertical overlap
between larvae and predators such as sprat, herring,
and gelatinous plankton (Köster et al. 2005, Schaber
et al. 2011). In addition, egg quality and fecundity as
influenced by (1) fishery-induced changes in the age
structure of the stock (Vallin & Nissling 2000), (2)
food availability for adults during maturation (Kraus
et al. 2002), and (3) parental effects (Nissling et al.
1998, Vallin & Nissling 2000, Trippel et al. 2005), as
well as impacts of pollution and environmental con-
ditions on malformation of eggs and larvae (Vallin et
al. 1999), have been suggested to influence repro-
ductive success, although evidence is inconclusive,
especially for the latter factor. However, production
of surviving eggs and larval abundance are not cor-
related in Baltic cod, whereas larval abundance is
significantly related to year-class strength as esti-
mated from multispecies models, indicating that the
early larval stage may be the most critical period
determining recruitment success (Köster et al. 2003).
Modeling studies have suggested that the degree
of dispersal of larvae from the main spawning area is
a key process influencing recruitment success of the
stock (Voss et al. 1999, Hinrichsen et al. 2001). The
suggested process influencing larval survival is
transport of larvae and pelagic juveniles to coastal
nursery habitats with better food supply during peri-
ods of high wind stress and retention in the central
basin with less suitable food supply during periods of
low wind stress of variable wind direction. Larval
Baltic cod mainly prey on nauplii of the abundant
calanoid copepods Pseudocalanus acuspes, Temora
longicornis and Acartia spp. in the area. According to
modeling studies by Hinrichsen et al. (2002, 2003b,
2005), food limitation for first-feeding cod larvae dur-
ing the last 2 decades was caused by a pronounced
decline of P. acuspes (Möllmann et al. 2000), which is
the preferred prey of larval Baltic cod (Voss et al.
2003). At low abundances of this copepod, first-feed-
ing larvae only had higher survival probability in the
early spawning season or in the late spawning season
when they hatched on the outer edges of the Born-
holm Basin or were rapidly transported towards shal-
lower areas (Hinrichsen et al. 2002). In contrast, lar-
vae hatched within the center of the Bornholm Basin
did not encounter sufficient prey for survival along
their drift routes.
These previous modeling results agree well with
the findings of the present field study. Pelagic and
demersal juvenile survivors originated from May to
September, i.e. from the entire spawning season,
largely following the seasonal development in spaw -
ning intensity. However, a ‘gap’ between hatch date
distributions of pelagic and demersal juveniles was
found during summer. This gap may partly be a con-
sequence of variable catchability for different size
classes by the gears used, which may especially
affect abundance estimates of newly settled juveniles
in the length range of 4 to 7 cm (Hüssy et al. 1997,
ICES 2013). Furthermore, ages and spawning dates
of demersal juveniles were estimated from a pub-
lished age−length relationship which was estab-
lished for demersal juveniles from the year classes
1990 to 1992 (Fey & Linkowski 2006), but juveniles in
the present study were caught in 2000 and may have
experienced different growth conditions resulting in
different growth trajectories. If juveniles in the pres-
ent study expressed lower growth rates, this would
result in earlier hatch dates and an even larger gap in
the hatch date distribution of pelagic and demersal
juveniles, while higher growth rates would lead to a
smaller gap. However, length frequency distributions
of juveniles from the year classes 1990 to 1992 and
2000 were very similar (for details, see the Supple-
ment at www.int-res.com/articles/suppl/m511 p165 _
supp.pdf), indicating that juveniles from both periods
experienced similar growth conditions and that the
application of the published age−length relationship
provides a reasonable estimate of demersal juvenile
ages in the present study. Finally, due to the fact that
pelagic and demersal juveniles were caught with
 different gears having different catchability, the
 relative importance of early and late survivors for the
strength of the year class could not be quantified.
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Despite these shortcomings, the observed gap indi-
cates lower survival during a time window at peak
spawning, lasting from the end of June to the begin-
ning of August (Day 170 to 220). Decreased survival
during summer was also suggested by an earlier
study (Hinrichsen et al. 2003a) which showed a simi-
lar gap in the birthdate distribution of demersal
Baltic cod lasting from mid-May to mid-July. Win-
dows of higher survival in the early and late spawn-
ing season of Baltic cod are also in accordance with
results from a bio-physical modeling study which
simulated low abundances of P. acuspes (Hinrichsen
et al. 2002), even though the model suggested a more
extended window of lower survival from mid-May to
the end of August.
Lower larval survival during summer may be
related to the availability of suitable prey, especially
for first-feeding larvae. Unfortunately, no informa-
tion on larval prey availability is available for 2000,
the year of our study. However, detailed information
on stage-resolved, seasonal abundance dynamics of
the main larval cod prey species has recently become
available for 2002/2003 (Renz & Hirche 2006, Dutz et
al. 2010, Peters et al. 2013), i.e. shortly after the year
of our study. Nauplii of P. acuspes show an abun-
dance maximum in spring, mainly in April and May,
followed by a rapid decline and very low abundances
during the remainder of the year (Renz & Hirche
2006). Nauplii of T. longicornis and Acartia spp. also
show abundance peaks during spring followed by a
sharp decline towards summer, but in contrast to P.
acuspes, abundance peaks are also found during late
summer and fall (Dutz et al. 2010, Peters et al. 2013).
Thus, the gap in the hatch date distribution of juve-
nile Baltic cod survivors may have coincided with a
period of low nauplii abundances of all 3 species,
while the early and late hatched survivors originate
from periods which may have provided high nauplii
abundances of all 3 species and of T. longicornis and
Acartia spp., respectively. In addition, first-feeding
larvae of Baltic cod need to migrate from hatching
depths (>50 m) to upper water layers, as they can
only find sufficient abundances of nauplii in these
layers, but higher temperatures in upper layers prob-
ably lead to high energy demands and thermal stress
which will likely result in high mortalities (Huwer et
al. 2011). As surface temperatures in the Bornholm
Basin reach a maximum during summer, this prob -
ably has an additional negative influence on the sur-
vival probability of larvae hatched in the middle of
the spawning season.
Distinct ‘windows of survival’ have been found to
be of importance for the recruitment process of other
species (e.g. Limburg 2001, Lapolla & Buckley 2005,
Baumann et al. 2008), and the timing of spawning in
relation to the availability of suitable prey, especially
for first-feeding larvae, may likewise have a large
influence on the recruitment of Baltic cod. However,
the phenology of prey species may show relatively
large variability, as there are e.g. indications for a
strong variability in spring timing of T. longicornis
(Dutz et al. 2010). Further studies are needed to
establish more direct links between the seasonal
dynamics of prey availability and larval growth, sur-
vival, and recruitment of Baltic cod.
Concerning the spatial origin of survivors, the find-
ing that the vast majority of pelagic juveniles origi-
nated from areas at the edges of the Bornholm Basin,
while only a small part had hatched in the Basin cen-
ter, is also in good agreement with previous model-
ing results (cf. Fig. 8a,b) and provides field-based
evidence that the bio-physical model from Hinrich-
sen et al. (2002) is capable of realistically simulating
individual larval survival probability. Like the tem-
poral patterns of survivor origin, the observed spatial
pattern is also likely related to spatio-temporal differ-
ences in the availability of copepod nauplii for early-
stage larvae. The geographical distribution of P.
acuspes nauplii in the central Baltic is associated
with the distribution of adults, preferring higher sal -
inities (Möllmann et al. 2000) encountered in deeper
parts of the area. T. longicornis and Acartia spp., not
confined to high salinities, but to warmer waters
(Möllmann et al. 2000), are generally found in the
upper 50 m of the water column and are distributed
in more shallow regions. This implies high concen-
trations of P. acuspes nauplii early in the cod spawn-
ing season in central spawning areas with sufficient
salinity and higher nauplii production of T. longi -
cornis and Acartia spp. at the basin edges in the late
spawning season, where the back-tracked pelagic
juveniles were born.
In principle, higher numbers of juveniles originat-
ing from the edges of the basin could also simply be
related to an increased spawning activity in these
areas. However, this possibility can be ruled out, as
evidenced by the egg abundance data. Egg stage 1,
as a proxy for spawning effort, was relatively evenly
distributed over the entire spawning ground. The
abundance of stage 4 eggs, i.e. the stage immediately
before hatching in the Baltic (Wieland et al. 1994),
was lowest in the northwestern basin. While this
decrease in abundance from stage 1 to 4 corresponds
well to the spatial distribution of oxygen-dependent
egg survival probabilities (RV and OES) it does not
match with juvenile hatch locations. Thus, the spatial
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mismatch between production of surviving eggs and
survivor origins provides evidence that larval mortal-
ity is an important recruitment process in Baltic cod.
In summary, most favorable feeding conditions for
first-feeding larvae seem to occur in the early spawn-
ing season, while decreasing availability of nauplii in
the middle of the spawning season may reduce larval
survival, whereas later hatched larvae may profit
from increasing abundances of nauplii of T. longi -
cornis and Acartia spp., but only if they are hatched
in or rapidly transported to shallower coastal areas.
Even though it was not possible in our study to
directly relate larval survival with prey abundances,
the high agreement in patterns of spatio-temporal
survivor origin from the present observation with
previous model results and the spatio-temporal dis-
tribution of major larval cod prey species may pro-
vide empirical support for the importance of larval
survival in the recruitment process of Baltic cod, in
particular with relation to Hjort’s (1914) critical
period and Cushing’s (1975) match−mismatch hypo -
theses.
To further elucidate the importance of spatio-tem-
poral origin for the fate of a year class of Baltic cod,
high-frequency, quantitative sampling of consecu-
tive developmental stages and their prey, both in
space and time, seems mandatory to be able to follow
different sub-cohorts from the egg to at least the
juvenile stage. Such an approach has been exempli-
fied in a number of studies on a variety of species
(e.g. Meekan & Fortier 1996, Lapolla & Buckley 2005,
Irigoien et al. 2008), even though they usually did not
have to cope with such extensive spawning seasons
as in Baltic cod.
Evaluation of the presently enforced MPA in the
Bornholm Basin
The approach of back-calculating the spatial origin
of survivors as presented herein can be applied to
evaluate the location of MPAs with respect to facili-
tating undisturbed, successful spawning. As shown
in Fig. 8a, only few juvenile survivors (22.5%) origi-
nated from the presently enforced MPA in the Born-
holm Basin, and very few (5.3%) from the central
part which was protected in 2000, i.e. at the time
when fish used in the present analysis were collec -
ted. In an environmental situation characterized by
stagnation as encountered in 2000, both the smaller
and the extended MPAs in the Bornholm Basin seem
to have a low potential to effectively enhance the
Baltic cod stock through protection of spawning ag -
gregations contributing most to the recruitment suc-
cess. Offspring with high survival probability are
actually not spawned in the protected area. Instead,
locations outside the MPA, especially in the north-
western part of the Bornholm Basin, seem to yield the
highest probability for enhanced survival of larvae
and, eventually, subsequent recruitment. However,
our results only cover 1 yr, and additional years need
to be included in this evaluation to determine whe -
ther the observed spatial survival patterns are stable
or vary between years, due to variable environmen-
tal forcing conditions, e.g. after inflow situations.
Apart from this, it is our opinion that this type of
analysis provides a valuable tool for the evaluation of
the performance of MPAs designed to secure undis-
turbed spawning and to promote recruitment of mar-
ine fish stocks.
Utility of the characteristics-of-survivors
approach to study recruitment and conclusions
Recruitment success in marine fish is mainly deter-
mined through variable mortality during early life,
but reliable mortality estimates from field sampling
are difficult to obtain (Houde 1987). In contrast, the
analysis of survivor characteristics has the advantage
of analyzing fish that have already proven to be the
successful ones of a year class, and thus provides
important indications for possible factors influencing
the recruitment process in fish populations. In fact,
Limburg et al. (1999) stated that they probably would
have drawn erroneous conclusions about the recruit-
ment potential of different cohorts, had they not
included a retrospective analysis based on the char-
acteristics of survivors. By applying survivor analysis
to field samples of Baltic cod, we found empirical evi-
dence for the importance of food availability during
the larval stage in shaping recruitment dynamics, as
suggested by previous results from time-series analy-
sis (Köster et al. 2003), bio-physical modeling (Hin-
richsen et al. 2002), and larval growth performance
based on RNA:DNA ratios (Huwer et al. 2011).
Recruitment is routinely estimated for most com-
mercially important fish stocks. However, in most
stocks the underlying mechanisms determining re -
cruitment variability are still poorly understood and
are usually limited to general concepts such as food
availability or relations with other environmental fac-
tors (Cowan & Shaw 2002). Especially processes
operating with high spatial variability are normally
poorly resolved (Irigoien et al. 2008). Our study is the
first to provide empirical evidence for spatial differ-
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ences in larval survival of Baltic cod from field sam-
ples. From the results, we conclude that addressing
spatio-temporal variability in survival of early life
stages has a high potential to improve our under-
standing of acting and interacting processes affect-
ing recruitment and to construct environmentally
sensitive stock-recruitment models. Moreover, such
dynamics need to be considered in spatial and tem-
poral management measures (Eero et al. 2012), e.g.
the design of protected seasons and areas. Larval-
stage processes seem to have the potential to intro-
duce major variability in the recruitment levels of
Baltic cod, but further studies are needed to assess
their relative importance in relation to other proces -
ses (Huwer et al. 2011). Considering the extremely
protracted spawning season of Baltic cod, such stud-
ies should ideally combine the characteristics-of-
 survivors approach with high-resolution field sam-
pling in both time and space, aiming to investigate
the seasonal variability in spawning and larval emer-
gence in relation to the phenology of zooplankton
prey (e.g. Dutz et al. 2010) and the resulting implica-
tions for larval prey preferences, condition, growth,
and survival.
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